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1 Introduction

This white paper advocates a research program exploiting self-bound gaseous quantum
droplets in a microgravity environment as a new platform to advance our understanding
of quantum matter and quantum dynamics. A detailed understanding of few-body and
many-body quantum mechanics is essential for the future development of quantum tech-
nologies that will enable unprecedented opportunities for fundamental and applied studies
relevant from the nanoscale to cosmological scales.

Ultracold quantum gases, i.e. atomic vapors cooled to near absolute zero temperature,
are a highly versatile test bed for the study of quantum phases and dynamics. The rich
toolbox of atomic physics presents unprecedented possibilities for the precision manipulation
of atomic samples down to a single quantum state. Since the first generation of a dilute-
gas Bose-Einstein condensates (BECs) in 1995 [1,2] earthbound experiments have led to a
tremendous advancement of our understanding of complex quantum phases of the matter. To
name just a few examples, ultracold quantum gases have provided experimental access to the
BEC-Bardeen-Cooper-Schrieffer (BCS) crossover of fermionic superfluidity [3-7], designed
topological materials [8] exhibiting quantum-hall physics [9], or supersolid-like states [10-15].
No other experimental platform provides a similarly well-controlled and versatile playground
to explore some of the most exotic regimes of modern quantum science.

A common feature of all earth-based experiments is the fact that prolonged interroga-
tion times of a quantum gas require supporting the gas against gravity. In practice, this
means confining the atoms in a magnetic or optical trap. This confinement can itself induce
perturbations or even instabilities that can obscure the physics under investigation. A mi-
crogravity environment, however, alleviates the need for gravity support, and thus avoids
such unwanted, perturbing factors allowing for a much cleaner and more stable platform to
explore quantum dynamics. This opens new possibilities for experiments that will signifi-
cantly extend the realm of accessible phenomena. Being far more than just an incremental
improvement, the availability of quantum gases in microgravity leads to fundamentally new
opportunities. The investigation of quantum droplets as a new form of quantum matter with
exotic properties is a particularly promising avenue for research in microgravity: quantum
droplets are self-bound objects and do not need any confining potential to remain as an
entity without dispersing. From this perspective, microgravity is the natural environment
to study this quantum phase in its purest form. A detailed study of quantum droplets will
provide essential new insights into the fundamental nature of the interplay between few- and
many-body interactions. It is expected that both the experimental and theoretical progress
stimulated through a research program involving quantum droplets in microgravity will lead
to a significant advancement of quantum science and technology.

2 Current status and microgravity justification

Quantum droplets are an exotic quantum-fluid resulting from the delicate balance between
repulsive and attractive interactions that can exist in various physical systems including



atomic and nuclear matter. The quantum droplets considered here are a member of a larger
family of related exotic quantum states of matter that have been proposed theoretically in-
cluding fermilets, boselets and ferbolets [16,17]. Within atomic systems, several approaches
for the realization of self-bound quantum droplets have theoretically been suggested. In a
seminal paper by A. Bulgac [16], for instance, the mechanism that creates the droplet state
is based on a balance between two- and three-body interactions. The proposal put forth by
Petrov in 2015 [18], however, explores the attractive and repulsive nature of quantum fluc-
tuations in a two-component BEC. Similar opportunities are available to create self-bound
quantum droplets based on atomic species with strong dipolar interactions, most prominently
Dy or Er, as proposed by Refs. [19,20]. From an experimental point of view, earthbound
experiments exploiting the ideas from Refs. [18-20] have provided important advances by
demonstrating the existence of self-bound droplets and a number of their physical proper-
ties [21-24]. Nevertheless, some of their most intriguing properties have remained elusive
due to limitations imposed by gravity, and several alternative approaches to droplet physics,
including the one described in Ref. [16], are fully unexplored.

In the frame of the Cold Atom Laboratory (CAL) mission, NASA currently operates a
BEC apparatus on board the International Space Station that experiments with rubidium
(Rb) and potassium (K) atoms. Significant development work by the Jet Propulsion Labo-
ratory (JPL) has resulted in extensive expertise with handling these two elements, including
the laser cooling, trapping, and sympathetic cooling down to nano-Kelvin temperatures.
This is a remarkable step in bringing ultracold atom research to space and forms a solid ba-
sis on which a program studying quantum droplets can be built. Based on this expertise, one
possible avenue towards the realization of quantum droplets in microgravity investigations
is based on Petrov’s work [18]. In this case, a quantum droplet can be created either from a
mixture of two different atomic species, such as two hyperfine states of 2K, or a dual-species
mixture of *'K-8"Rb atoms. In both cases, to create a droplet an external magnetic field
(Feshbach field) is used to fine-tune the intra- and inter-species interactions such that the
residual mean-field interaction is slightly attractive. Under normal circumstances, having an
attractive mean-field interaction would typically cause a single-component BEC to collapse.
However, in a two-component BEC the right balance of the two atomic densities and the
right tuning of interactions will allow for higher-order repulsive quantum-fluctuations to pre-
vent the system collapse by favoring the formation of the quantum droplet. Such quantum
fluctuations, known as the Lee-Huang-Yang (LHY) corrections [25], can in fact be attractive
or repulsive depending on the dimensionality of the system and have a different dependence
on density ( n°/?) than the pure mean-field interaction ( n?). This makes stabilizing the sys-
tem into a droplet state quite challenging, requiring the precise control of both interactions
and densities to satisfy the conditions for the existence of such a delicate quantum state.

Regardless of their particular realization, ground-based droplet studies under free-fall
have a maximum observation time of tens of milliseconds in the absence of a trapping po-
tential before the droplet has fallen out of sight or enters regions where the magnetic field
becomes significantly inhomogeneous. Existing experimental ground-based investigations of
quantum droplets have thus had to use additional fields to compensate for the effects of grav-
ity, introducing further experimental complexity. Potential techniques to mitigate the effect
of gravity lead to additional, spurious trapping along one or several directions, compromis-



ing the study of untrapped, self-bound droplets. Furthermore, heteronuclear droplets, such
as droplets composed of 8 Rb and 'K, which differ in mass by more than a factor of two,
pose additional challenges for ground-based experiments due to differential gravitational sag.
A separation of the clouds in the trap limits their overlap, complicates their sympathetic
cooling, and requires special measures for the preparation and study of droplets. When an
external potential is applied to compensate for differential gravitational sag, it must be care-
fully tuned in order to not break a droplet apart, which may prevent the full compensation
of gravitational effects.

3 Scope of research program

To enable the best possible progress, it will be highly desirable for NASA to fund a rigorous
and strong space-based program that is accompanied by a supporting ground based program
involving both experimental and theoretical research. Ground based experiments can provide
essential calibrations where possible, such as precision measurements of atomic data that are
needed to evaluate the space based results. Theoretical research is needed as the proposed
line of investigation will clearly go beyond the current understanding of few-body and many-
body quantum dynamics. The development of new theoretical tools and methodologies,
concomitant with the expansion of experimental capabilities afforded by the microgravity
environment, will be a major outcome of this research. Therefore, the research program
should support a strong group of researchers from multiple labs and institutions working
together to direct and advise the space based endeavor.

4 Opportunities

Even though quantum droplets are formed from an atomic quantum gas, in many ways their
physical characteristics resemble that of a liquid with unusual quantum properties. Here
we will list a number of their properties and briefly discuss the opportunities they represent
whether they are of a more fundamental or applied nature.

Self-bound quantum objects. Residing within a vacuum chamber, quantum droplets
remain self-bound even without any external confinement. A microgravity environment will
furnish the next key ingredient for creating pristine, long-lived, quantum test beds with
unprecedented levels of isolation and control.

Surface effects. Just like the strings of a guitar, the surface of a quantum droplet is ex-
citable according to different harmonics. However, unlike a guitar, the number of harmonics
available to a droplet is limited by the binding energy [18,26]. Intriguingly, it is predicted
that by adjusting the number of atoms or inter-particle interactions, even the first harmonic
can vanish, producing a novel, unexcitable object that awaits experimental confirmation.



Constant density. Quantum droplets are characterized by a constant density, meaning
that adding atoms just makes a droplet wider. Unlike an ordinary liquid, the underpinning
stabilization mechanism is instead due to quantum fluctuations, which prevent a runaway
implosion [18,27,28]. On the one hand, this provides a rare opportunity to investigate
quantum fluctuations in a weakly-interacting setting. The theoretical description is still in its
infancy and microgravity experiments would provide much-needed precision and insight. On
the other hand, the constant density could provide fascinating prospective for interferometry,
or be an ideal platform for studying additional quantum gases immersed in these ultra-dilute
quantum liquids [29, 30].

Impurity investigations. Quantum droplets, once created, can be utilized in controlled
investigations of impurities in a system. By adding a third component to a self-bound
two-component droplet — or adding a second component to a dipolar droplet — one can
sympathetically cool an impurity [18] or begin to study polaron physics [30,31]. Not only
would this open a novel platform for the study of polaron physics, the impurities themselves
are expected to act as important probes to deepen our understanding of quantum droplets.

Self-evaporation. Given that quantum droplets have a finite, controllable number of
bound excitations they are predicted to behave as self-cooling objects [18]. Such systems
offer an alternative route for advancing the frontiers of ultra-cold temperatures, and may
provide a practical means to cool other quantum gases sympathetically by bringing them
into thermal contact.

Dynamical studies. Experiments studying collisions between self-bound droplets have
begun to shed light on their internal structure and liquid-like properties [32]. Future experi-
ments would clearly benefit from the longer lifetimes afforded by microgravity environments,
especially for analyzing the collision products.

Droplet molecules. A single-component dipolar gas can form a self-bound quantum
droplet without the need for a second component, and this raises some exciting prospects.
Consider two dipolar droplets of different species that are brought into contact. It has been
predicted that below a critical inter-component interaction strength the two droplets will
be miscible (and co-spatial), while for larger interactions the droplets strongly repel each
other [29,30]. Without dipolar interactions these liquids would fly apart, but remarkably
they are predicted to remain bound to one another by their mutual long-ranged attraction
to form a kind of immiscible droplet molecule, without any external confinement.

Supersolids. The techniques to generate quantum droplets also offer a path towards the
study of supersolidity. Coming from the regime of isolated droplets, a supersolid is formed
when droplets sufficiently overlap and superfluidity stretches across a complete droplet as-
sembly, arising due to a quantum delocalization of every atom throughout the ‘solid’. A



microgravity environment would allow one to consider novel regimes, such as weaker trap-
ping without losing atoms due to gravity, which may allow more-favorable interactions and
longer lifetimes. Weaker trapping would also aid evaporative cooling directly into the super-
solid regime — a procedure that appears necessary for creating 2D supersolids [33].

Nuclear Physics. Cold-atom platforms realize a type of analog quantum computer capa-
ble of simulating aspects of nuclear physics and cosmology. At a quantitative level, a unitary
Fermi gas is a good proxy for dilute neutron matter in heavy nuclei and neutron stars. At
a more qualitatively level, cold-atom droplets provide a tunable platform to explore phe-
nomena like nuclear fission and heavy-ion collisions. The idea is to use cold atoms to test
and validate theoretical techniques such as time-dependent density functional theory (DFT),
which are currently the de-facto standard for studying these phenomena in nuclear physics.
Quantum droplets provide a compelling analog to nuclei, and droplet dynamics studied in
microgravity — e.g. induced fission and collisions — would capture many of the properties
affecting their nuclear counterparts such as entanglement between fragments, pairing, pro-
jection onto states of definite particle number and angular momentum (see e.g. [34] for a
review).

Cosmology. Droplets also provide an intriguing platform to study aspects of cosmology.
This idea was originally explored in helium [35], but cold atom provides substantial im-
provements in flexibility compared to the helium platform, especially tunable interactions
and miscible superfluid mixtures. Ideas in this direction include exploring surface effects
which manifest as a boundary-sensitive “cosmological constant” [36], topological defect for-
mation (Kibble-Zurek transition) and the fragmentation of clouds into small droplets. The
latter could help model the formation mechanism for axion quark nuggets (AQNs), a promis-
ing condensed-matter candidate for dark matter that simultaneously explains baryogenesis
through the separation of matter and antimatter into quark nuggets at the quantum chro-
modynamics (QCD) phase transition (see [37,38] and references therein).

5 Conclusion

The extensive list of opportunities enumerated above clearly indicates that the time is ripe
for a research program focused on self-bound droplets in microgravity. We expect that an
investment in this direction will lead to a tremendous pay-off on both fundamental and
technological levels and should be considered a high priority of NASA’s fundamental physics
research focus.
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